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We experimentally demonstrate a simultaneous 
amplitude and phase modulation of a monolithically 
integrated dual electro-absorption modulated laser 
(DEML). The proposed technique combines a 4-ary direct 
phase modulation with a 2-level amplitude modulation 
obtaining an 8-ary amplitude-phase shift keying (8-
APSK) external-modulator-free transmitter. Its 
performance was tested up to 7.5 Gb/s in a 25-km single 
mode fiber link with intradyne coherent detection. A 
receiver sensitivity of -42.5 dBm was achieved at FEC 
limit BER = 4x10-3. The results show that the proposed 
system can be an efficient flexible transmitter for next 
generation passive optical networks. 
http://dx.doi.org/10.1364/OL.99.099999 
A large list of versatile services with often diverging requirements 
is expected to arise with the 5G era, facing new challenges to the 
telecommunication industry, where low complexity and cost are 
preferred [1]. Coherent transceivers (TRx) with high aggregate 
capacity and enhanced spectral efficiency have been demonstrated 
using bulk devices [2].  However their complexity and cost have 
limited their feasibility as a potential solution, especially in access 
networks.  To face this issue, low-cost transceivers were presented 
in a field-trial demonstration [3]. In addition, the hardware devices 
should support flexible transmission capacity and simultaneously 
have a low energy consumption [4].  Therefore, an important 
factor to be considered is the TRx footprint. 
Recently we presented a novel application of a monolithically 
integrated dual electro-absorption modulated laser (DEML), 
showing a simultaneous differential phase shift keying (DPSK) and 
amplitude shift keying (ASK) modulation. An optical signal format 
DPSK/ASK was generated, transmitted and detected with a 
heterodyne coherent receiver (Rx) [5].  
In this work we extend our research, demonstrating for the first 
time to our knowledge, a simultaneous differential quadrature 
shift keying (DQPSK)/ASK or differential 8-APSK modulation, 
through the same DEML. The primary objectives are to maximize 
the spectral efficiency, increase the bitrate (Rb) and improve the 
Rx sensitivity with respect to [5] using an intradyne coherent Rx. 
The complete transmitter (Tx) was based on a DEML whose 
two sections (DFB and EAM) were independently modulated with 
different data streams. For the DFB, the quaternary data to 
generate the DQPSK signal were composed by two uncorrelated 
PRBS sequences (d1 (t) and d2 (t)). The symbols were codified as a 
4-ary signal with four different phase variations (0, ±π/2, π), 
mapped into a multi-level signal and differentially encoded for 
direct phase modulation of the laser [6]. The symbol sequence was 
digitally equalized by means of a 1-tap finite impulse response 
(FIR) filter with high-pass response. The equalized electrical 
waveform generates a phase modulated signal by differentiating 
the frequency variations of the directly modulated laser produced 
by the adiabatic chirp. This frequency deviation is proportional to 
the modulating current. Therefore, we can control the phase 
changes of the optical signal adjusting the duty cycle and 
amplitude of the dicode return to zero (RZ) shaped modulating 
waveform [7]. For the EAM, the data to produce the ASK signal 
were a third PRBS sequence (d3 (t)) coded as non-return to zero 
(NRZ) and uncorrelated with the data used to modulate the DFB. 
Both symbol sequences were uploaded to a 5 GSa/s arbitrary 
waveform generator (AWG) and digitally synchronized. The AWG 
produced two electrical signals at 2.5 Gbaud, one for the DFB (Rb = 
5 Gb/s) and other for the EAM (Rb = 2.5 Gb/s).  The amplitude of 
both electrical signals was tuned with two identical 10 GHz BW 
electrical amplifiers and injected to the corresponding sections of 
the DEML. The result was an optical 8-APSK signal with four 
orthogonal phases (φ0(t), φ1(t), φ2(t), φ3(t)) and two possible 
amplitudes (a0(t), a1(t)) at Rb = 7.5 Gb/s. The setup and 
constellation diagram of the 8-APSK signal are shown in Fig. 1.  
The DEML, used at the Tx, is a monolithically integrated 
photonic device where the same active layer is composed by two 
sections, a distributed feedback (DFB) laser and an electro-
absorption modulator (EAM) [8], in our case, with lengths of 470 
μm and 75 μm respectively. Both the DFB and the EAM have 50Ω 
resistors for impedance matching. The DEML chip was fixed on a 
ceramic sub-mount (size 2 mm x 6 mm x 0.5 mm), with a 
temperature sensor (RNTC) placed beside the chip, and a lensed 
fiber faced with the EAM output. A circuit board was assembled to 
provide independent radio frequency (RF) inputs to the DFB and 
the EAM. A side scheme of the DEML, and a picture of the assembly 
are presented in Fig. 2(a) and Fig. 2(b) respectively.   
Fig. 1. Experimental setup. The insets show the modulating waveforms for the DFB and EAM sections, as well as the I-Q diagram for the DQPSK, ASK 
and 8-APSK transmitted optical signal. 
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Fig. 2.  (a) Side-scheme of DEML; (b) Assembled sub-mount and DEML. 
An external temperature control was used to keep an operative 
condition in the chip of 26°C. The DFB wavelength was λTx = 
1556.16 nm.  We measured the static characteristics of the DFB 
and the EAM. The results are plotted in Fig. 3. The DFB threshold 
current is as low as 7 mA.  The DFB was operated at bias current of 
60 mA (a balance between wavelength stability, bandwidth (BW) 
and output power). The coupled optical power is limited by the 
modulator effective insertion loss, which results from the choice of 
the EAM bias point. When a static bias of -2 V was applied to the 
EAM section, the output power of the DEML was 0 dBm. The 
modulation BW of the DFB is expected to be about 10 GHz, and 
even larger for the EAM [8]. However, in our setup and due to 
constraints of the RF circuitry (i.e. cable lengths, bondings, and 
parasitic packaging effects) the effective modulation BW was 
limited to 2GHz and 4GHz for the DFB and the EAM respectively. In 
addition, the measured DFB linewidth was 300 KHz.  
A lensed fiber was faced and properly aligned with the EAM 
output of the DEML. An optical isolator was fused to the lensed 
fiber for minimizing optical reflections. The optical output signal 
was sent through a 25 km single mode fiber (SMF) link. 
Afterwards, a variable optical attenuator (VOA) emulated the 
splitting losses of the passive optical network (PON), and limited 
the power into the Rx. A polarization controller compensated the 
fluctuations in the state of polarization caused by the fiber. 
The Rx was based on a coherent intradyne scheme. A 3x3 
optical coupler mixed the incoming signal with the local oscillator 
(LO), that was a 100 kHz linewidth external cavity laser (ECL) 
emitting at 3 dBm and tuned to similar Tx wavelength λTx ≈ λLO. 
 
 
Fig. 3. Static characteristics: DFB (VEAM = 0 V), EAM (Ibias DFB = 60 mA). 
The optical signals at the coupler outputs were detected with 
three 10 GHz p-i-n photodiodes (PDs) followed by low-noise trans-
impedance amplifiers and then low-pass filtered. The three photo-
detected currents were sampled and processed by a real-time 
oscilloscope. Next, in-phase (I) and quadrature (Q) components of 
the complex signal (c(t)) were obtained as described in [9]. The 
DQPSK (exp(jΔφ(t))) and ASK data (A(t)) were simultaneously 
demodulated. ASK demodulation was done with an envelope 
detector. The DQPSK data were differentially demodulated by 
multiplying with the complex conjugate of a symbol period (Tb) 
delayed signal. In order to cancel the amplitude component from 
the DQPSK signal, the recovered ASK data were multiplied by a 
symbol-period delayed version of itself (A(t-Tb)), then inverted, 
and multiplied by the recovered DQPSK data.  Finally the DQPSK 
and the ASK data were low-pass filtered before data decision. The 
symbols were demapped and the bit error ratio (BER) computed 
over the three bit streams.  
We first tested the direct DQPSK modulation at 1.25 Gbaud and 
2.5 Gbaud. The EAM was unbiased and the DFB was phase 
modulated with a proper digital signal of duty-cycle = 50% and 
peak to peak voltages of Vpp = 0.64 V and Vpp = 1.48 V 
respectively.  In optical back to back (btb), we achieved Rx 
sensitivities of -49 dBm and -46.5 dBm at second generation FEC 
limit of BER = 4x10-3 [10]. The results are plotted in Fig 4.   
Afterwards, we tested the ASK modulation at the same baud 
rates. We biased the EAM at -2.2 V and we tested the performance 
for three different extinction ratio (ER) values of 2, 3.8 and 5.1 dB.  
 Fig. 4.  BER against Rx power for DQPSK modulation at 1.25 Gbaud (Rb 
= 2.5 Gb/s) and 2.5 Gbaud (Rb = 5Gb/s).  The insets show the I-Q 
diagrams of the recovered symbols at BER = 10-5 and BER = 10-3. 
The measured BER against the Rx optical power at 1.25 Gbaud 
and 2.5 Gbaud are represented by the curves of Fig. 5(a) and Fig. 
5(b) respectively. The achieved Rx sensitivities at the same FEC 
limit of BER=4x10-3 are presented in table 1.  
Table 1. Rx sensitivity for ASK modulation at BER = 4x10-3 
 ER (dB) 
Rb (Gb/s) 2 3.8 5.1 
1.25 -46.5 dBm -49 dBm -51 dBm 
2.5 -43 dBm -46.5 dBm -48.5 dBm 
(a)
(b)
Rb = 1.25 Gb/s
Rb = 2.5 Gb/s
 
Fig. 5.  BER against Rx power for ASK modulation at: (a) 1.25 Gbaud 
(Rb = 1.25 Gb/s) and (b) 2.5 Gbaud (Rb = 2.5 Gb/s).  The insets show 
the eye diagrams at BER = 10-5 and BER = 10-3 for ER = 3.8 dB.  
Finally, we combined DQPSK and ASK formats and we tested 
the proposed differential 8-APSK modulation. Ideally, for the 
DEML, we would like to consider the laser as a pure frequency 
modulator and the EAM as an amplitude modulator. However, this 
is not the case, and a strict evaluation of the device chirp is 
required [8]. Therefore, we performed both small and large signal 
evaluation of the DFB and EAM chirp characteristics, using an 
optical filter as frequency discriminator [11].   
For the DFB laser the optical phase variation is related with the 
frequency chirp by [12]: 
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where P(t) is the signal power, αH is the linewidth enhancement 
factor or Henry coefficient, and κ is the adiabatic chirp coefficient. 
From Eq. (1) we observe that the phase variations depend on both 
the power and the duty-cycle of the signal, which can be digitally 
adjusted [7].  At mid frequencies (10 MHz < f < 5 GHz) the second 
term of Eq. (1), i.e. the adiabatic chirp, prevails. For larger 
frequencies (f > 5 GHz) the first term of Eq. (1) i.e. the transient 
chirp, is dominant and the frequency chirp gets proportional to the 
modulation frequency. The thermal effects are not considered in 
Eq. (1) since there are only significant at lower frequencies (f < 10 
MHz) [13]. The αH and κ parameters can be found from the relation 
between the amplitude of the intensity modulation (IM) and 
frequency modulation (FM) responses, both measured using a 
vectorial network analyzer, and considering that [14]: 
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where β and m are the frequency and intensity modulation indexes 
respectively. We measured αH for different DFB bias currents and 
when the EAM was unbiased. The sign of αH is given by the phase of 
the IM and FM responses ratio [14]. The results plotted in Fig. 6, 
show that for the DFB, αH is approximate equal to 2, a value that is 
not strongly dependent on the laser bias current.  Considering the 
adiabatic chirp regime, we obtained κ = 1.08 x 1013 Hz/W, for a 
DFB bias current of 60 mA. This value is proportional to the 
photon density and increases with the bias current [11].  
For the EAM, the optical phase variation is exclusively 
dependent on the transient chirp, then we considered only the first 
term of Eq. (1). Conversely to the DFB case, the value of αH 
parameter for the EAM is strongly dependent on the applied bias 
voltage, ranging approximately from -1.2 to 2. This behavior is 
shown in Fig. 6 for a fixed DFB bias current of 60 mA. As we 
desired to perform the phase modulation with the DFB, we needed 
to reduce the chirp inherent to the EAM. Hence, we properly 
biased the EAM around the zero-chirp point observed in Fig.6 
(VEAM  ≈ -2.2 V). In addition, we set the ASK modulation to have an 
ER = 3.8 dB, because it represented the symmetric Euclidean 
distance among the constellations points of the 8-APSK signal.  
Next, the DFB was directly modulated in phase, and 
synchronously the amplitude of the optical signal was modulated 
with the EAM.  Fig. 7 shows the BER against the Rx optical power. 
The sensitivities for BER = 4x10-3 were -45.5 dBm and -43.5 dBm 
at 3.75 Gb/s and 7.5 Gb/s respectively. Notably, when transmitting 
through 25 km of SMF, the measured penalty was only 1 dB, and 
we obtained an Rx sensitivity of -42. 5 dBm at 7.5 Gb/s.  Under 
laser direct phase modulation, the achieved results improve in 
approximately 4 dB the performance of similar experimental test 
with 8-ary modulation formats like 8–DPSK [15]. This is because 
the Euclidean distance between the constellations points of the 8-
APSK Tx is larger than in 8-DPSK for the same mean power. 
Additionally, we used as LO an ECL with narrower linewidth than 
the DFB laser used in [15]. 
 
Fig. 6.  Measurements of αH parameter for the DFB (VEAM = 0 V) and the 
EAM (Ibias DFB = 60 mA) 
BER = 10-3 BER = 10-5  
Fig. 7.  BER against Rx power for differential 8-APSK at 1.25 Gbaud/s 
(Rb = 3.75 Gb/s) and 2.5 Gbaud/s (Rb = 7.5Gb/s).  The I-Q diagrams 
show the recovered symbols at BER = 10-3 and BER = 10-5. 
Despite the improved performance, there are two limitations 
that are worth mentioning. First, although we would like to 
consider both devices independently, they appear not to be totally 
uncorrelated [8]. When the EAM is modulated, the wavelength 
slightly fluctuates and shows drifts mainly due to temperature 
variations in the chip. This is because the fast amplitude transitions 
in the EAM affect the temperature due to the thermal heating drift 
in the resistor matching the EAM to 50Ω. To overcome this 
problem we applied a differential mth power algorithm at the Rx 
DSP for frequency estimation [16], to compensate the frequency 
drifts caused by the temperature instabilities in the chip.  Second, 
an additional frequency chirp is caused by the optical feedback 
from the front faced (modulator site) and is dependent on the 
modulator bias [8, 14]. This contribution can be noted in the slight 
widening of the recovered symbols as shown in the I-Q diagram of 
Fig (7). To minimize the penalty, especially at lower signal-to-noise 
ratios (SNR), additional optical isolation is needed [17], as well as 
some degree of equalization at the Rx should be investigated.    
In conclusion, we propose and experimentally demonstrate, for 
the first time to the best of our knowledge, a simple external-
modulator-free differential 8-APSK Tx by a monolithically 
integrated DEML. The transmitted signal was detected with an 
intradyne coherent Rx, using both, the amplitude and phase of the 
optical signal. Compared with the conventional ASK or DQPSK 
modulation, the spectral efficiency increases by 3-times and 1.5-
times respectively, achieving a Rx sensitivity of -42.5 dBm at 7.5 
Gb/s. These results show the feasibility for a simple, small 
footprint and low cost external-modulator-free Tx, able to support 
flexible transmission capacity, which are important requirements 
in upcoming 5G era. 
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